Abstract We compared features of nerve enlargement in inherited and acquired demyelinating neuropathies using ultrasound. We measured median and ulnar nerve crosssectional areas in proximal and distal regions in 128 children and adults with inherited [Charcot-Marie-Tooth-1 (CMT-1) (n = 35)] and acquired [chronic inflammatory demyelinating polyneuropathy (CIDP) (n = 55), Guillaine-Barre syndrome (GBS) (n = 21) and multifocal motor neuropathy (MMN) (n = 17)] demyelinating neuropathies. We classified nerve enlargement by degree and number of regions affected. We defined patterns of nerve enlargement as: none, no enlargement; mild, nerves enlarged but never more than twice normal; regional, nerves normal in at least one region and enlarged more than twice normal in at least one region; diffuse, nerves enlarged at all four regions with at least one region more than twice normal size. Nerve enlargement was commonly diffuse (89 %) and generally more than twice normal size in CMT-1, but not (p \ 0.001) in acquired disorders which mostly had either no, mild or regional nerve enlargement [CIDP (64 %), GBS (95 %), and MMN (100 %)]. In CIDP, subjects treated within 3 months of disease onset had less nerve enlargement than those treated later. Ultrasound identified patterns of diffuse nerve enlargement can be used to screen patients suspected of having CMT-1. Normal, mildly, or regionally enlarged nerves in demyelinating polyneuropathy suggests an acquired etiology. Early treatment in CIDP may impede nerve enlargement.
Introduction
Ultrasound is a painless, inexpensive technique for imaging nerve pathology at the bedside. Ultrasound-identified patterns of nerve pathology provides useful information in the diagnosis of neuropathies. In acquired mononeuropathies, ultrasound augments electrodiagnostic results in diagnostic evaluation of nerve entrapment and traumatic neuropathies [1] [2] [3] [4] [5] [6] , and offers superior sensitivity to magnetic resonance imaging for identifying focal nerve pathology [7] . In acquired and inherited peripheral polyneuropathies, ultrasound often detects nerve enlargement in inherited and acquired demyelinating neuropathies [8] [9] [10] [11] [12] [13] [14] [15] , including abnormal morphology and size at sites of conduction block [16] . Ultrasound is rarely abnormal in diffuse axonal polyneuropathies [9] . Recently, patterns of nerve enlargement determined by comparing size of nerves at different locations along their length have been proposed as a way of characterizing types of neuropathies [15, 17] .
In this study we describe a quantitative method using ultrasound to describe and compare the patterns and degree of nerve size changes in acquired and inherited demyelinating polyneuropathies. We evaluated a large series of patients with demyelinating dominantly inherited neuropathy (CMT-1) and acquired neuropathies, including chronic inflammatory demyelinating polyneuropathy (CIDP), Guillaine-Barre syndrome (GBS), and multifocal motor neuropathy (MMN). We report comparisons of the patterns and degree of nerve enlargement with diagnosis and clinical features.
Materials and methods
The study was approved by the Washington University institutional review board. We retrospectively compared records of ultrasound testing in patients with demyelinating CMT-1 (n = 35), CIDP (n = 55), GBS (n = 21), and MMN (n = 17) from our database of patients evaluated between June 2007 and October 2012. We referenced our results to a control group (n = 90) of children and adults studied in our neuromuscular ultrasound laboratory [9] . Disease duration in chronic disorders, the time from symptom onset to the ultrasound study, was divided into duration before and after initial treatment immunomodulation agent. In treatment naïve subjects, disease duration before treatment was the disease duration. Results are reported as mean [standard deviation (SD)] unless specified. CMT-1 patients ranged in age from 2 to 71 years of age and all had clinical findings consistent with a neuropathy. We included 23 subjects with a known CMT-1 genotype [1A (20) and 1B (3)] and 12 others with a diagnosis of CMT-1 based on a family history of a first-degree relative with demyelinating polyneuropathy. All CMT-1 patients had demyelinating features consistent with an inherited polyneuropathy on our nerve conduction studies except one in whom nerve conduction studies were performed only in the first degree relative. CIDP and MMN patients all had clinical and nerve conduction features that met diagnostic criteria for the diseases [18, 19] . CIDP subjects ranged from 4 to 81 years of age. Nine (16 %) CIDP patients were treatment naïve, while 46 had received either plasma exchange or intravenous immunoglobulin (IVIG) (n = 8), prednisone or other immunomodulation agents (n = 17), or combinations of both (n = 21). Disease duration was 75 (89) months. Disease duration in treatment naïve subjects (n = 9) was 7 (7) months and in treated subjects (n = 36) was 25 (60) months before treatment and 64 (61) months after treatment. In our cohort patients with shorter duration of disease before treatment were followed for a shorter period after treatment (r s = 0.5, p = 0.004). MMN subjects were aged 33-83 years. Eleven (64 %) had positive anti-GM1 and/or anti-NS6S antibodies. Six (35 %) were treatment naive. Treated patients had received plasma exchange or IVIG (n = 2), rituximab (n = 8), or rituximab and prednisone (n = 1). Disease duration was 122 (116) months. Disease duration in the treatment naïve patients (n = 6) was 19 (13) months. Treated subjects (n = 7) had 58 (57) months before treatment and 114 (71) months after treatment. GBS subjects ranged from 8 to 82 years of age. Most (16/21) were imaged within 3 weeks of symptom onset. Others had times from symptom onset to imaging study of 1.5-180 months.
Ultrasound examinations were performed using a Philips HD11XE or iu22 imaging system with an L12-5 or L15-8 linear array probe. Median and ulnar nerves were chosen for study, as they are easily imaged at several sites along their length. One investigator (CMZ) obtained all ultrasound images. The ultrasound probe was kept perpendicular to the nerve by maintaining an angle in which the ultrasound image of the nerve appeared smallest and brightest. Nerve cross-sectional areas (NCSA) were measured by tracing nerves just inside their hyperechoic rims. Three separate NCSA measurements, with the probe repositioned for each measurement, were averaged at each nerve site. Most subjects were seated with the entire arm anteriorly extended, supinated, and supported by a pillow on a table at approximately mid-thoracic height. Hospitalized subjects were examined in the supine position with the arm supinated, abducted, and supported at body level. Each patient had transverse images obtained from four nerve sites in one arm: the proximal and distal median and ulnar nerve, avoiding sites of possible entrapment. It is our typical protocol to examine the median and ulnar nerves in their entirety and, in the absence of localized pathology, to obtain routinely measurements at the mid-humerus, approximately two-thirds from the lateral tip of the acromion to the lateral epicondyle of the humerus (proximal) and in the forearm, approximately three-quarters from the medial epicondyle of the humerus to the ulnar styloid process (distal). Nerve enlargement limited to other locations was identified in only one subject with MMN who had enlargement of the ulnar nerve in the proximal but not distal forearm; in this case, the ulnar forearm measurement was recorded at the site of nerve enlargement.
Our prior work of 90 healthy children and adults found that nerve size varied mostly with height [9] . To allow direct comparisons between patients, a ''nerve size index'' (NSI) was calculated by comparing the measured NCSA to the expected NCSA based on height for each nerve site and subject [9] . The NSI was derived from the slope (m) and y intercept (b) of the simple linear regression line that related the nerve cross sectional area to height using the equation: (NCSA (mm 2 )/[(m 9 height (cm) ? b)] 9 100 %. Corrections for height (m), derived from our labs previously published normal values [9] , are ?0.041 mm 2 /cm for the ulnar nerve in the arm and forearm, 0.061 mm 2 /cm for the ulnar nerve at the elbow, 0.054 mm 2 /cm for the median nerve in the arm and forearm, and 0.072 mm 2 /cm for the median nerve at the wrist. Constants (b) were -1.5 for the ulnar nerve at the forearm and arm, -3.5 for the ulnar nerve at the elbow, -1.5 for the median nerve at the forearm and arm and -3.2 for the median nerve at the wrist.
Nerve enlargement was defined as a NSI greater than two standard deviations above the mean NSI in controls. Nerve enlargement greater than twice normal size was greater than twice the mean NSI in controls and was always greater than four standard deviations above the mean. Average NSI values were calculated for each subject averaging the proximal and distal median and ulnar NSI measurements. We defined three patterns of nerve enlargement [mild (type 1), regional (type 2), and diffuse (type 3)] based on a combination of the amount and anatomical extent of nerve enlargement (Table 1) .
Statistics were performed using PASW Ò Statistics GradPack 18.0. To account for outlying data, methods included Mann-Whitney U (MWU) and McNemar paired samples tests, Spearman's rank correlational analysis (r s ), Fisher exact test (FET), and when appropriate one-way ANOVA with Games-Howell post hoc analysis.
Results

Comparisons between demyelinating polyneuropathies and to controls
Nerves in both CMT-1 and acquired demyelinating polyneuropathies were larger than controls (Table 2) , as previously reported [9] . Nerves were enlarged at one or more sites in: all subjects with CMT-1, 80 % with CIDP; 50 % of GBS during the acute phase and 60 % after the acute phase, and 65 % with MMN.
Normal sized nerves or mild (type 1) or regional (type 2) enlargement patterns were never or rarely present in CMT-1 but were common in acquired demyelinating neuropathies (Table 3) . Diffuse (type 3) nerve enlargement was less common in CIDP (37 %), GBS (5 %) or MMN (0 %) than in CMT-1 (89 %). CIDP, GBS, or MMN subjects were each (p \ 0.001) less likely than CMT-1 subjects to have all four nerve sites more than twice normal size, or to have an average NSI more than twice normal size ( Table 2 ; Fig. 1 ).
All CIDP and CMT-1 subjects with massively enlarged nerves (NSI [ 400 %) had diffuse (type 3) nerve enlargement. CIDP subjects with less enlarged nerves could have either regional (type 2) or diffuse (type 3) nerve enlargement. CMT-1 with less enlarged nerves tended to have nerve enlargement at all sites. Comparing subjects with similar degrees of nerve enlargement (a proximal median NSI more than twice normal size but \400 %), 38 % (5/ 13) of CIDP subjects showed a regional (type 2) pattern, while all CMT-1 subjects (13/13) showed a diffuse (type 3) pattern of enlargement (p = 0.04, Fig. 2) .
The pattern and degree of nerve enlargement differed among the acquired neuropathies (Tables 2 and 3) . CIDP subjects had larger (p = 0.003) average NSI than GBS and Nerve enlargement present at all proximal and distal sites with at least one site more than twice normal size were more likely to have diffuse (type 3) nerve enlargement (p = 0.008).
Nerve characteristics within diagnoses
In CMT-1 the diffuse (type 3) nerve enlargement pattern was common even in children (88 %; eight of nine), with the youngest (age 2.6 years) subject's nerves measuring over three times normal size (average NSI = 327 %). Average NSI did not vary with age (p = 0. In GBS, the most common enlarged nerve site was the proximal median nerve (43 %); in MMN, it was the proximal ulnar nerve (47 %). In both GBS and MMN with mild (type 1) or regional (type 2) nerve enlargement, the frequency of nerve enlargement was similar (p C 0.1) in the proximal and distal nerve.
Effects of disease duration and treatment on nerve enlargement
In CIDP, subjects with longer disease duration before treatment had more nerve enlargement (Fig. 2) . Average NSI increased with longer disease duration before In GBS patients, the degree and presence of nerve enlargement was similar in the acute and non-acute phase. 
Discussion
Ultrasound, a painless procedure, can be used to screen children, and others, suspected of having CMT-1 who do not tolerate electrodiagnostic studies. Nerves are frequently (100 %) and often greatly enlarged in dominant demyelinating hereditary neuropathies (CMT-1), a finding similar to other smaller studies of CMT-1 [11, 15, 20] . Ultrasound detection of nerve enlargement in CMT-1 is present to a similar degree in both children and adults and occurs in children as young as 2 years old. The presence and degree of nerve enlargement in inherited neuropathies may vary among genotypes. Nerves trended (p = 0.06) to be smaller in our three patients with CMT-1b compared to those with CMT-1A. There may be less nerve enlargement in CMT-X and CMT-2 than in CMT-1A [11, 20] . With suspected inherited peripheral neuropathy, normal nerve size argues against CMT-1 but cannot exclude other inherited etiologies.
The pattern of nerve enlargement may depend on both the type of demyelinating disease and the degree of nerve enlargement. Normal nerves, or mild (type 1) or regional (type 2), nerve enlargement is rare in CMT-1 and suggests an acquired demyelinating polyneuropathy. Diffuse (type 3) nerve enlargement of the median and ulnar nerves is typical of CMT-1 but also occurs in 37 % patients with CIDP, particularly when nerves are massively (more than four times normal size) enlarged. Diffuse nerve enlargement was not seen in MMN or during the acute phase of GBS. In more moderately enlarged nerves, the regional pattern of nerve enlargement was not present in CMT-1 but was in acquired demyelinating neuropathies. In patients with moderately enlarged proximal median nerves, regional nerve enlargement was seen in CIDP (5 of 13) but not in CMT-1 (0 of 13). The qualitative occurrence and location of ''focal'' nerve enlargement limited to discrete segments of nerves has been reported in cases of acquired demyelinating neuropathies [10, 16, 21] and requires further comparative study.
Our study suggests that nerve enlargement in chronic acquired demyelinating neuropathies is associated with disease duration, particularly of ''active'' disease prior to treatment. In CIDP, patients with less than 3 months of symptoms before treatment initiation had smaller nerves and were less likely to have any nerve twice larger than normal than those with a longer time from symptom onset to initial treatment. In GBS, with less than 4 weeks of active disease duration, there is less nerve enlargement than in CIDP. Our retrospective study did not assess the adequacy of treatment in individual patients but suggests that the treatments may impede nerve enlargement. Improvement in nerve enlargement over time has been reported in a child with GBS [8] . In some cases, however, changes in nerve size can be long lasting. We found nerve enlargement in patients during the non-acute phase of GBS and in treated patients with CIDP and MMN. As nerve enlargement can persist in acquired demyelinating neuropathies after treatment, ultrasound can augment electrodiagnostic evaluations which may lose sensitivity following treatment.
In CIDP, proximal nerve regions may be more susceptible to enlargement. We found that regional or mild nerve enlargement in CIDP most often affected the median and ulnar nerve in the proximal arm. Measures of nerve size from additional locations, including more proximal sites in the cervical roots [14] , brachial plexus, or axilla, could detect additional enlargement and might be more sensitive to the presence of disease but are unlikely to change our findings regarding differences in patterns of enlargement between CIDP and CMT-1. A recent study of nerve size measured from 24 sites in the neck and arm showed no difference in the degree of cervical nerve root enlargement between CIDP and CMT-1 and concluded that only two measurements from both the median and ulnar nerve in the arm and forearm, similar to the protocol in our study, were required to identify patterns of nerve enlargement that differentiated CIDP from CMT-1 [15] . A prior study of MMN found nerve enlargement slightly more often in the brachial plexus than the proximal or distal median or ulnar nerves [10] . Our study measured median and ulnar nerve size at the level of the mid-humerus and distal forearm. Additional studies are required to determine if nerve enlargement at other locations differs between the acquired demyelinating neuropathies.
This ultrasound study, the largest of nerve pathology in acquired and inherited demyelinating neuropathies, describes the characteristics of nerve enlargement in the median and ulnar nerves of a diverse population and includes patients both with and without active disease. Other factors including disease duration, severity, or response to treatment could affect results and limits the generalizability of our findings. The association between disease duration before and after treatment in our subjects with CIDP could bias the effects of disease duration on nerve enlargement seen in our study. Prospective, longitudinal studies of treatment naïve patients are required to best determine how nerves respond to disease and treatment.
In conclusion, median and ulnar nerve enlargement in CMT-1, a common type of inherited neuropathy [22] , is nearly always present and is typically diffuse (type 3). Ultrasound can be used to screen patients when an inherited demyelinating neuropathy is suspected, especially as both children and adults with CMT-1 have nerve enlargement. Normal, mildly (type 1), or regionally (type 2) enlarged nerves in the arm in demyelinating polyneuropathy suggests an acquired etiology. In CIDP, early treatment may prevent subsequent nerve enlargement. Longitudinal studies focused on the relationship between nerve enlargement and disease activity are required to determine if the pattern and degree of nerve enlargement can be used to monitor long term disease activity and efficacy of treatment.
